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Abstract 
Thermal degradation of monethanolamine (MEA) is quantified as a function of initial amine concentration, CO2 loading, and 
temperature over a range of expected stripper conditions in an amine absorber/stripper unit.  The sum of the degradation products 
N,N’-di(2-hydroxyethyl)urea, 1-(2-hydroxyethyl)-2-imidazolidone, and N-(2-hydroxyethyl)ethylenediamine make up the 
majority of total MEA loss.  The temperature dependent rate constant has an activation energy similar to diethanolamine (DEA) 
of 29 kcal/mole which corresponds to a quadrupling of the degradation rate when the stripper temperature is increased 17oC.  At 
135oC the degradation rate varies from 2.5 to 6% per week.  Using speciation data from an Aspen® model of a stripper unit, 
losses in the packing are significant, but the majority of MEA loss occurs in the reboiler and reboiler sump.  Thermal degradation 
is minor when the reboiler temperature is held below 110oC. 
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1. Introduction 
    Monoethanolamine (MEA) is the state of the art solvent being considered for carbon dioxide removal via amine 
absorption/stripping due to its low cost of production and relative availability, yet there is very little published data 
on thermal degradation rates of MEA at stripper conditions.  In natural gas treating, this problem has been controlled 
by maintaining low concentrations of amine and carbon dioxide, and operating the stripper at pressures slightly 
above atmospheric in order to keep the reboiler temperature as low as possible.   
 
Oyenekan [1, 2] established that the energy requirements for the stripper and compressor can be reduced by 
operating the stripper at elevated pressures with high capacity solvents.  This operational method utilizes thermal 
compression to pressurize the CO2 stream prior to the compressor, thereby reducing energy and capital costs 
associated with the compressor.  The elevated pressure increases the ratio of CO2 to water that is evolved from the 
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stripper making the steam used in the reboiler a more efficient use of energy.  The problem with elevated pressure 
and temperature is that it increases thermal degradation rates.  In order to better understand the balance between 
energy optimization and solvent make-up costs, a model for amine thermal degradation needs to be established.    
 
Polderman [3] describes the mechanism for thermal degradation of MEA by carbamate polymerization.  In the 
absorber, MEA associates with CO2 to form MEA carbamate as illustrated below. 
 
 
         
 
This reaction is normally reversed in the stripper, but in some cases the MEA carbamate will cyclize to form 2-
oxazolidone, which is also a reversible reaction, as shown below. 
 
                   
 
Yazvikova [4] found that MEA carbamate can also react with a free MEA molecule and irreversibly dehydrolize to 
form N,N’-di(2-hydroxyethyl)urea[2]. 
 
The former product, 2-Oxazolidone, can then react with another molecule of MEA to form 1-(2-hydroxyethyl)-2-
imidazolidone which is sometimes referred to as HEIA. 
 
HEIA can then be hydrolyzed to form N-(2-hydroxyethyl)-ethylenediamine or HEEDA. 
 
 
These four species (2-oxazolidone, dihydroxyethylurea, HEIA and HEEDA) plus further polymerization products 
are believed to be the main products of thermal degradation.  The rate of formation of these products is a function of 
temperature (faster kinetics), CO2 loading (more carbamate present), and MEA concentration. 
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Thermal degradation of diethanolamine has been studied by Kennard and Meisen [5, 6].  They found that the 
first order rate constant for DEA at temperatures from 90 to 170oC was linear on an Arrhenius plot and using the 
slope of this line, an activation energy of 29 kcal/mol is found.  The reaction mechanism is similar to MEA and was 
found to form a DEA analog for the oxazolidone, urea, and HEEDA. 
2.  Experimental 
    Previous literature on thermal degradation of amines used a stirred reactor with intermittent sampling to quantify 
amine losses.  The problem with this design is that in order to achieve a reasonable experiment time, elevated 
temperatures and CO2 pressures were used to increase the degradation rate and only one concentration of amine and 
carbon dioxide could be tested at a time.  In this work a set of 10mL stainless steel reactors were constructed and 
placed in a set of forced convection ovens set at temperatures ranging from 100 – 150oC.  Multiple reactors were 
filled with the same solution and removed at set times over several months and an amine loss profile was 
constructed from the data.  In this way many different amines, amine concentrations, CO2 loadings, and 
temperatures were run at the same time yielding a large data set at reasonable operating conditions. 
   Amine solutions were made and loaded with CO2 gravimetrically by bubbling pure CO2 through the solution until 
the desired concentration was reached.  Five to ten sample reactors were filled with 10mL of identical starting 
solution leaving a small amount of headspace, closed and tightened to Swagelok specifications and placed in a 
forced convection oven.  Samples were removed at specified time intervals ranging from several days to several 
months and cooled to room temperature.  The samples were then transferred to glass vials and a portion was diluted 
with deionized water for analytical testing.  The samples were analyzed using cation ion chromatography to measure 
the disappearance of MEA and the appearance of ionic degradation products such as HEEDA.  HPLC with an 
evaporative light scattering detector was used to measure nonionic species such as MEA urea and HEIA.  Unknowns 
were identified using known addition spiking on IC and HPLC and by mass spectrometry.     
   For these MEA experiments the initial amine concentration was varied from 15 to 40wt% MEA in a CO2 free 
solution, the CO2 loading was varied from 0.2 to 0.5 moles CO2 per mole of amine, and the temperature was varied 
from 100oC (an atmospheric stripper) to 150 oC which would represent a stripper at an elevated pressure of ~8 atm. 
3.  Results and Discussion 
Figure 1 shows the effects of amine concentration, CO2 loading, and temperature on amine loss.  The points 
represent actual data points collected from individual sample reactors, and the curves represent an empirical fit of all 
the data over the entire range of operating conditions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  MEA loss over time as a function of MEA concentration, CO2 loading and temperature 
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30 wt % MEA with a loading of 0.4 moles CO2 per mole MEA at a temperature of 135oC will be used as the base 
case for this comparison.  The bottom two curves represent a similar solution held at 120oC and 100oC.  From this 
data, it can be concluded that the temperature dependent rate constant has an activation energy of 29 kcal/mol which 
corresponds to roughly quadrupling the degradation rate every 17oC or approximately every time the pressure of the 
stripper is doubled.  This activation energy is equivalent to the activation energy found for DEA using the data 
provided by Kennard and Meisen.    
 
Decreasing the loading is roughly a first order effect since reducing the loading from 0.4 to 0.2 corresponds to a 
similar decrease in degradation rate.  Increasing the concentration from 30 to 40 wt % shows an effect that is slightly 
more than first order since the data does not collapse using this scale.  In practice, increasing the concentration will 
also increase the reboiler temperature due to the elevated boiling point of solution assuming constant pressure.  
Although this temperature increase will be small, the overall increase in thermal degradation can be significant due 
to the strong temperature dependence discussed earlier.   
 
3.1 Degradation Product Formation 
 
MEA concentration was measured using cation ion chromatography and compared to the original undegraded 
MEA solution.  For experiments with less than 5% total amine loss, the sum of the HEIA, HEEDA, and MEA urea 
is used to represent the total amine loss since experiments have shown that at low total degradation, these three 
products give a good mass balance with the total MEA loss.  Table 1 shows the MEA and HEIA concentrations for 
7 m MEA (30 wt %) at varying temperature and CO2 loading. 
 
Table 1.  MEA and degradation product concentration (molality) after a given period of time based on CO2 loading 
(moles CO2/mole MEA) and temperature (oC) from a 7 m MEA solution. 
 
 
Since it takes two molecules of MEA to form one molecule of HEIA, HEIA is a major degradation product 
totaling a large percentage of the total MEA loss at all temperatures.  The drastic effect of temperature can also be 
seen as the total amine loss increases from 3% to 89% by increasing the temperature 50oC.  One discrepancy in the 
data is the 8 week data point of the 120oC data at a loading of 0.4.  The HEIA concentration appears to be larger 
than the total MEA loss since HEIA formation requires two molecules of MEA. The MEA concentration was found 
to be higher than the empirical model predicted concentration of 6.1m and the HEIA concentration was higher than 
expected.    
 
Figure 2 shows the formation of degradation products as a percentage of total MEA loss.  The black points 
represent measured MEA loss at the given times and overall curve is the sum of the degradation products. 
Temp 
 
Initial CO2 
Loading  
 
MEA   
2 weeks  
 
MEA  
4 weeks  
 
MEA  
8 weeks  
 
HEIA 
8 weeks  
 
HEEDA 
8 weeks 
MEA Urea 
8 weeks 
100 0.2 6.94 6.92 6.88 0.03 NA 0.04 
100 0.4 6.90 6.85 6.79 0.05 NA 0.05 
100 0.5 6.90 6.84 6.77 0.05 NA 0.06 
120 0.2 6.9 6.9 6.7 0.15 0.03 0.04 
120 0.4 6.7 6.5 6.4 0.50 0.05 0.08 
120 0.5 6.7 6.4 5.9 0.43 0.05 0.06 
135 0.2 6.5 6.4 5.5 0.28 0.25 0.03 
135 0.4 6.3 5.3 4.1 0.7 0.17 0.03 
135 0.5 5.5 4.6 3.3 0.7 0.11 0.02 
150 0.4 3.7 1.4 0.8 NA NA NA 
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             Figure 2.  MEA degradation products as a sum of total MEA degradation in a 30 wt % MEA solution with a 
loading of 0.4 moles CO2 per mole MEA held at 135oC. 
 
The MEA urea appears in measurable quantities by HPLC in a very short time and maintains a steady 
concentration relative to the concentration of MEA.  HEEDA and HEIA appear relatively close together, but the 
HEEDA reaches a pseudo-equilibrium with the MEA concentration and then decreases over time as the MEA 
decreases.  The HEIA continues to increase after the HEEDA concentration has reached its maximum suggesting it 
is a stable product and not an intermediate for HEEDA production.  The other products listed represent polymeric 
products that form when MEA reacts with HEEDA carbamate to continue the carbamate polymerization reaction 
and other side reactions.  The sum of these products matches the overall MEA product loss well until significant 
degradation has occurred.  For this reason, it is reasonable to assume the total amine loss can be measured by 
summing these degradation products at low reaction times.  This allows for the measurement of degradation rates at 
short times and can decrease degradation experiment times and should allow for measurements of thermal 
degradation losses in short time pilot plant campaigns of MEA.  
 
3.2 HEIA and HEEDA 
 
 Because the HEIA appeared to be a stable product, it was hypothesized that HEEDA is the precursor to HEIA 
and not the other way around as proposed by Polderman.  Several sample reactors were filled with CO2 loaded 
HEEDA, a blend of HEEDA and MEA, HEIA, and a blend of HEIA and MEA then placed in ovens set at 135oC.  It 
was found that HEEDA converted to HEIA in stoichiometric quantities to the CO2 concentration very rapidly in 
both the HEEDA and MEA/HEEDA blend, but HEIA did not convert to HEEDA in appreciable quantities until very 
long hold times.  This leads us to believe that HEIA is formed from HEEDA carbamate and because the HEIA was 
well conserved over time, that it is a stable product.  HEEDA also was found to degrade to polymeric products as 
found by ion chromatography.     
 
3.3 MEA Urea Formation 
 
MEA urea was found in appreciable quantities by HPLC in degraded MEA samples.  MEA urea was found in 
measurable quantities at very short times and after an initial lag period, tracked the MEA concentration for the 
remainder of the experiment.  Sample containers of 50 wt % oxazolidone in water were placed in the forced 
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convection ovens and taken out after several minutes to several hours.  The oxazolidone converted to large 
quantities of the MEA urea.  It is unclear if this urea is formed directly from oxazolidone or if the oxazolidone first 
reverts to MEA and then proceeds to the urea.  Further experiments with the MEA urea will be conducted to test if 
this is an intermediate to further degradation products or if it just forms an equilibrium with MEA and remains in 
solution as such.    
 
3.4 Degradation in the Stripper 
 
The temperature and composition profile of a stripper taken from an Aspen Plus® simulation were used in 
conjunction with this work in order to determine where in the stripper thermal degradation occurs.  The system was 
modeled using a 5 m MEA solution (~24 wt %) with a rich loading 0.45, lean loading of 0.37 and a pressure of 1.6 
atm with a reboiler temperature of 108oC.  It was assumed that there is 5% liquid hold-up in the packing and the 
sump volume is equal to the liquid hold-up in the packing.  It was found that two-thirds of the total degradation 
occurred in the reboiler sump where the temperature was the highest and one-third occurred in the stripper packing 
where the CO2 loading was highest.  The total loss of MEA was found to be 80 g/ton of CO2 under these conditions.  
Increasing the reboiler temperature by 20oC increased the loss to 540 g/ton CO2.  At a price of $1.10/lb of MEA, this 
gives a make-up cost of $0.19/ton CO2 at the lower temperature and $1.31/ton CO2 at the higher temperature.  
Further cost considerations that need to be taken into account include the cost of reclaiming and the cost of waste 
disposal.  If thermal reclaiming is used it could drastically increase the total MEA degradation since this will be 
performed at higher temperatures in order to boil off the MEA.     
4.  Conclusions 
MEA degrades in the presence of CO2 at expected stripper temperatures.  The temperature dependent rate 
constant has an activation energy equivalent to DEA of approximately 29 kcal/mol which corresponds to a 
quadrupling of the thermal degradation rate with a 17oC increase in temperature or a doubling of the stripper 
pressure.  At 135oC the degradation rate is 2.5 to 6% per week.  Loading has a first order effect and amine 
concentration has a slightly more than first order effect on the degradation rate. 
 
The sum of HEIA, HEEDA and MEA make up the majority of total MEA loss in degradation experiments with 
less than 20% total MEA loss, and can be used to approximate MEA loss in short time experiments.  Polymeric 
products that will form from the reaction of HEEDA with MEA do not appear in appreciable quantities until very 
long hold times and not until a large amount of HEIA is present. 
 
HEIA is formed from HEEDA instead of Polderman’s reaction mechanism which had this reversed.  HEIA does 
not behave like an intermediate and is the most stable and abundant degradation product in highly degraded samples.  
HEEDA and MEA urea were found in measurable quantities that once established, track the MEA concentration 
throughout the remainder of the experiment.  
 
MEA make-up costs from degradation in the stripper are low at temperatures below 110oC, but can become 
significant if the pressure in the stripper is increased in order to take advantage of thermal compression as suggested 
by Oyenekan.  Further modeling and cost estimates need to be performed in order to optimize this balance between 
solvent make-up costs and energy requirements. 
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